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During r ecen t  years-, a considerable volume of l i t e r a t u r e  has appeared dea l -  
ing with pressure s tud ies .  
of the chemical e f f e c t s ,  on a molecular l eve l ,  produced by high pressure.  
o f  knowledge stems from the  previous necess i ty  o f  determining changes almst exclusively 
by postmortem examination of t h e  pressurized material .  
phase change o r  r eac t ion  occurred, no pressure  e f f e c t  could be determined. 

I n s p i t e  of a l l  t h i s  work, very l i t t l e  i s  a c t u a l l y  known 
This lack 

Obviously, i f  no permanent 

Ba t t e l l e  has pioneered in  the u t i l i z a t i o n  of commercially ava i l ab le  equip- 
ment for inf ra red  spec t roscopic  i n  s i t u  monitoring of changes i n  l i q u i d s  under u l t r a -  
high pressures. 
sample, and po ten t i a l  app l i ca t ions  have been shown to  bridge v i r t u a l l y  every a rea  
of physical-chemical endeavor. 

These techniques are now appl icable  t o  a l m s t  any l i qu id  o r  so l id  

It is  e a s i l y  demonstrated, by changes in the  in f r a red  spectrum as a sample 
is pressurized, t h a t  moderate pressures  of 20 t o  50 k i loba r s  can produce s ign i f i can t ,  
bu t  completely r eve r s ib l e ,  e f f e c t s  on molecular s t ruc tu re .  Def in i t i ve  in t e rp re t a t ion  
o f  these  changes have exc i t i ng  ramif ica t ions  i n  every aspec t  of chemical howledge. 
However, the  broad spectrum of pressure s tud ie s  can be grouped inso  three  phenom- 
enologica l  a reas  : 

1. Phase Behavior. Most l i qu id  s o l i d i f y  under pressure ,  with poly- 
morphism the  r u l e  r a the r  than the exception (even the  simple benzene 
molecule has a t  l e a s t  two s o l i d  phases and we obtained a "p la s t i c  
c rys t a l "  form of benzene unde r  pressure. 
temperature polymrphic  t r a n s i t i o n s  are hown f o r  many, i f  no t  most, 
so l id s ,  a s  the  e i g h t  forms of ice ,  f i v e  forms of amonium n i t r a t e ,  
o r  seven forms of t r i pa lmi t in .  
new phases undetectable by conventional postmortem examinations of 
quenched samples. 

Inf ra red  spectroscopy has played an important r o l e  i n  so l id - s t a t e  
s tud ies .  While the  inf ra red  spectrum is usua l ly  c h a r a c t e r i s t i c  of 
a p a r t i c u l a r  polymorphic form, it is  p a r t i c u l a r l y  s e n s i t i v e  t o  any 
modification of molecular shape such as r o t a t i o n a l  isomerism, 
tautomerism, o r  conformational d i f f e rences  which may be encountered 
i n  high-pressure phases. 

High-pressure, high- 

In s i t u  measurements w i l l  r evea l  

2. Intermolecular Forces. Fascinating p o s s i b i l i t i e s  f o r  e luc ida t ing  
intermolecular i n t e rac t ions  in condensed phases a r e  of fe red  by 
cont ro l led  v a r i a t i o n  of  pressure from ambient t o  100 k i lobars ,  and 
of temperature from ambient t o  400 C, on a sample o f  determinable 
volume. Questions of p a r t i c u l a r  chemical importance which can now 
be approached experimentally are:  

(a) 
apprec iab le  influence on intramolecular forces? 

A t  what po in t  do repuls ive  in te rmolecular  fo rces  exert an  
For example, 



196. 

m s t  intramolecular v ib ra t ions  i n  condensed phases s h i f t  t o  
higher frequencies with increas ing  pressur,e. Is t h i s  s h i f t  
simply a d i e l e c t r i c  e f f e c t  r e l a t e d  t o  increas ing  dens i ty  with 
compression, o r  does i t  a c t u a l l y  represent a decrease i n  bond 
length of t he  p a r t i c u l a r  v ib ra t ing  e n t i t y ?  
a d i e l e c t r i c  e f f e c t  with compression, evidence from s tud ie s  of 
hydrogen-bonded compounds ind ica tes  t h a t  bond lengths a r e  def -  
k i i t e l y  a f f ec t ed .  

(b) When compressions a r e  s u f f i c i e n t  t o  r e s u l t  i n  decreased 
intramolecular bond lengths,  i s  the shortened bond more, o r  l e s s ,  
chemically a c t i v e ?  Do polar  bonds behave the  same a s  l e s s  polar 
bonds under s imi l a r  conditions? 

While there  w i l l  be 

(c) Does order  o r  o r i en ta t ion  i n  the l i qu id  approach the order 
i n  a corresponding s o l i d  a s  the dens i ty  of the  pressurized l i qu id  
approaches the  dens i ty  of t h a t  s o l i d ?  Techniques developed fo r  
measuring compress ib i l i t i e s  with photomicrographic and in f r a red  
spectroscopic da t a  were used to  show t h a t  some l i qu id  halogenated 
ethanes compress t o  the dens i ty  of the s o l i d  before s o l i d i f i c a -  
t ion  occurs. Also, the  pressure behavior of s t rongly  hydrogen 
bonded l iqu ids  ind ica t e s  a higher degree of o rde r  than was pre- 
viously suspected. 

3. Synthesis. Novel syntheses a r e  poss ib le  in  pressurized systems. 
For example, w e  have successfu l ly  polymerized a conjugated 
aromatic s u b s t i t u t e d  ace ty len ic  compound by W i r r a d i a t i o n  of 
a high-pressure s o l i d  phase. Reaction was n o t  induced i n  e i t h e r  
the ambient o r  pressur ized  l i qu id  phases, nor  in a low-temperature 
so l id  phase of the material. 

These techniques a r e  described and the  value of i n  s i t u  c a p a b i l i t i e s  is 
demonstrated by completely r e v i s i b l e  pressure e f f e c t s  which cannot be detected by 
pos t  m o r t e m  examination. These techniques involve using a d i amnd  anv i l  high- 
pressure c e l l  f i t t e d  w i t h  a meta l  gaske t  to  contain the  l iqu id .  
ape r tu re  of t h e  diamond c e l l  g r e a t l y  limits the  energy ava i l ab le  t o  the spectrometer 
and requi res  unusual ins t rumenta l  condi t ions  t o  achieve r e l i a b l e  r e su l t s .  The deter- 
mination of these opera t ing  condi t ions  and t h e i r  e f f e c t  on s p e c t r a l  r e s u l t s  is  d i s -  
cussed. These s p e c t r a l  r e s u l t s  c l e a r l y  show t h a t  much more than simple close-packing 
of moleclues is  involved a t  pressures  of  10-100 kilobars.  It is  a g rea t  a i d  in  pres- 
sure  s t u d i e s  to be ab le  to observe by normal o p t i c a l  microscopy any corresponding 
changes in the  physical s t a t e  of t he  sample. This is  p a r t i c u l a r l y  t r u e  f o r  the study 
of organic l i qu ids ,  m n y  of which s o l i d i f y  a t  r e l a t i v e l y  low pressures.  This phenom- 
enon has been used i n  the e a s i l y  manipulated diamond c e l l  to grow s ing le  c rys t a l s ,  
qu ick ly  and eas i ly ,  of many organic  compounds. 
spectroscopic and o p t i c a l  microscopic monitoring allows some very i n t e r e s t i n g  com- 
par i sons  of these high-pressure s i n g l e  c r y s t a l s  with normal c r y s t a l s  produced by 
f reez ing . 

The very small 

The powerful combination of infrared 

Spectra w i l l  be shown of various ranks of coa l  obtained by high-pressure 
techniques. These spec t r a  w i l l  be discussed both in t e r n  of a rou t ine  sampling 
method f o r  q u a l i t a t i v e  i d e n t i f i c a t i o n  and i n  terms of new knowledge t o  be gained 
concern-hg the s t r u c t u r e  of coa ls .  


